Abstract -Four concentrations of paclobutrazol (PBZ) and two application methods (foliar spray-soil drench) were tested on 3-month-old container-grown cork oak (Quercus suber L.) seedlings. Shoot height was affected by PBZ concentration and application technique. Time course of height was modelled by nonlinear mixed model analysis. Reduced shoot height was the result of shortened and fewer internodes. A 25 to 625 ppm soil drench or 625 to 15,000 ppm foliar spray controlled over vegetative growth, resulting in a reduction between 13% and 90% in plant size relative to untreated controls. Seedlings responded to soil drench at a lower PBZ concentration than for a foliar spray, but the danger of irreversible overdosing seems greater for a soil drench. Soil drench-and foliar spray to a lesser extent-also affected other shoot and root growth traits. PBZ dose decreased root volume and dry weights in a quadratic fashion with increasing dose, but decreased diameter and number of leaves linearly.
Paclobutrazol (PBZ) [(2RS, 3RS
)-1-(4-clorophenyl)-4,4-dimethyl-2-(1,2,4-triazol-1-y1) pentan-3-o1)] is a potent triazole-type cytochrome P 450 inhibitor that inhibits the biosynthesis of gibberellin while stimulating the accumulation of ABA (Marshall et al., 2000b) . Through its mechanism of inhibition of gibberellin biosynthesis, but not as a sole effect (Marshall et al., 2000a) , it reduces internode elongation and leaf size (Ruter and Martin, 1994) while it increases root to shoot dry weight ratio (Swietlik and Miller, 1983; Watson, 1996) , root volume and dry weight (Hetherington and Jones, 1990) , leaf specifi c weight (Rieger and Scalabrelli, 1990) , and root collar calliper (Oliphant, 1991) . PBZ has been extensively tested on horticultural species because of its ability to retard vegetative growth while increasing fruit set and yield (Rietveld, 1988) . However, its use in forestry has been limited to the induction of fl owering in broadleaved species, mainly in Eucalyptus (Griffi n et al., 1993; Moncur and Hasan 1994) , and for environmental adaptability in conifer seedlings ( Barnes and Kelley, 1992; Mahoney et al., 1998; Wheeler, 1987) . The use of PBZ in cork oak (Quercus suber L.) has not been reported.
Cork oak has a special relevance in forestry seedlings were grown outdoors (lat. 40°25'N, long. 3°44'W, 590 m elevation above sea level). Conditions outdoors from mid-April to midOctober were 18.9 °C average temperature (26.9 to 10.8 °C), 1000 to 1500 µmol·m ) ppm PBZ/pot was applied in a volume of 5ml per pot, for the foliar spray; and as 100-ml liquid for soil drench. The specifi c doses of PBZ applied per plant were 0, 0.13, 3.1, and 78 mg of PBZ per spray, and 0, 2.5, 63, and 1562 mg of PBZ per drench. Foliar sprays were applied uniformly to the shoots using a hand-held spray bottle, in three sequential sprays: 13 Feb. 1997 (day 0), 4 July 1997 (day 141), and 10 Sept. 1997 (day 204). Soil drench was applied to the pot medium surface as a single drench on 13 Feb. 1997 (day 0). Each sequential spray was less than one-third the dose of the single drench application, thus foliar application was repeated. Mean seedling height at the time of the fi rst application (day 0) was 9.13 cm for the soil drench treatment and 8.35 cm for the foliar spray treatment. Mean height at day 0 was not signifi cantly different between application techniques (P > 0.05). There were two between-units factors, namely, foliar spray and soil drench applications, in a four-concentration classifi cation with 0 (water control), 25, 25 2 , and 25 3 ppm PBZ/pot. Fifteen seedlings were randomly assigned to each of the eight treatment combinations (one seedling from control was removed from the analysis due to erratic growth). The within-units factor was time.
Shoot height from the soil surface to the swollen meristem of the leader branch was measured on days 0, 16, 34, 83, 119, 162, 204, and 254 . At the completion of the growing season (day 254) diameter at ground level of all seedlings were recorded. Components of shoot growth (mean internode length and number of internodes) were also measured.
The following parameters were determined after harvest, on 30 Oct. (day 254): leaf area (in cm 2 , with the use of an image analyser Delta-T), root volume (in cm 3 , by volumetric displacement of the root system), number of leaves and dry weight (leaves, shoot, root and plant, in g; seedling organs were oven dried to constant weight at 70 °C). Shoot to root dry weight ratio was also computed.
Shoot height was analyzed by repeated measurements analysis of variance, RM ANOVA (Potvin et al., 1990) . A Richards exponential equation (Eq. 1) was fi tted to the data using a nonlinear mixed model (Lindström and Bates, 1990) . Because application technique × PBZ concentration effect was signifi cant, and the rural economy of the Iberian Peninsula, pure stands cover 0.5 × 10 6 ha in Spain (Montero and Cañellas, 1999) . This xerophytic species is widely used in the reforestation of former agricultural land, and >100,000 ha have been reforested between 1993 and 2003. The excessive shoot growth induced in seedlings by growth in nursery containers reduces survival after their transplantation in the fi eld, mainly on xeric sites (Montero and Cañellas, 1999) . This aspect of container-grown cork oak seedlings needs to be controlled.
The aim of this experiment was to investigate the time course of PBZ inhibition of height and PBZ activity on early growth and development of cork oak seedlings in the nursery. The specifi c objectives were to determine 1) the most effective application technique (by comparison of foliar vs. soil drench application of PBZ), and 2) the appropriate concentrations of PBZ required to reduce shoot growth without limiting root growth of cork oak seedling, when applied as a drench or foliar spray.
Materials and Methods
On 10 Dec. 1996, acorns of cork oak (Quercus suber L., provenance Parque de los Alcornocales-Serranía de Ronda, southern Spain) were sown in Sputnik 3-L pots (truncated square pyramid containers, 25 cm height, 169 cm 2 and 64 cm 2 , upper and lower cross-sectional area, respectively), containing a medium of spaghnum peat moss and vermiculite (3:1, v:v). Pots were placed in the greenhouse (30 °C day/10 °C night temperature, under natural photoperiod, 450 to 600 µmol·m -2 ·s -1 of light intensity at midday, and watered to fi eld capacity as needed) until 15 Apr. 1997, when HORTSCIENCE 40 (6) regression analyses were conducted separately for each application technique. Since at the application technique × PBZ concentration level, variability on the b parameter among seedlings was small, b was considered as a pure fi xed parameter, while a and c were mixed parameters.
Eq.
[1] where t was days after treatment; a, b, c were regression fi tted coeffi cients (a represents the asymptote of height, b corresponds to the slope of the curve, c considered the unusual increase in shoot height between day 162 and day 204 due to an increase on irrigation regime to alleviate summer drought conditions); irrigation is a dummy variable, with value 1 if the observation was taken after irrigation effect and 0 in the contrary; u and v are random parameters, with mean 0 and bivariate normal distribution.
Comparison among growth models was evaluated testing only the fi xed parameters.
Separate statistical analyses were carried out to test the effect of soil drench and foliar application on shoot and root characteristics measured at harvest, because all doses tested for each application technique were not the same. A one-way ANOVA was used to determine the effect of PBZ concentration for each application technique. Signifi cant differences were analysed by orthogonal test of contrast. A polynomial regression was calculated for concentration levels averaged over methods (Liyembani and Taylor, 1989) . The control (concentration = 0) was included in each regression. The model used to predict the response to the i th concentration is Y ij = a + b 1 X i + b 2 X i 2 + b 3 X i 3 + e ij Eq.
[2] where Yij is the observation corresponding to the variable Y (shoot and root characteristics), X i = concentration of PBZ applied as soil drench or Ln (concentration of PBZ applied by spray + 1) (log-transformed for normality), and a is the mean response when no chemical was applied. The terms b 1 , b 2 and b 3 are, respectively, the linear, quadratic, and cubic polynomial regression coeffi cients and e ij the random error term. When the mean square value describing the cubic or cubic and quadratic responses was not signifi cant, the model was refi tted with these coeffi cients set to zero. The analyses were done with the GLM procedure from the SAS system (SAS, 1998). The nonlinear model was fi tted with the NLINMIX macro of SAS (Wolfi nger, 1997).
Results
Height. Seedling height responded to PBZ treatment during the fi rst 16 d after application in the PBZ sprayed seedlings and between day 16 and day 34 in the soil drench treated seedlings (Fig. 1) . PBZ dose decreased shoot growth with increasing dose. Shoot elongation was almost completely inhibited by soil drench at 25 2 and 25 3 ppm PBZ after d34, whereas the 25 ppm soil drench PBZ concentration reduced fi nal shoot height by 40%, compared to the control. The inhibition of shoot growth by foliar spray was not so marked. Final shoot height was reduced between 13% with 25 ppm and 59% with 25 3 ppm, compared to the control (Fig. 1) .
Results of the repeated measures ANOVA are shown in Table 1 . A nonlinear mixed model was used to fi t an independent curve to shoot growth data for each PBZ concentration and application technique. The multivariate tests for the within-units effects are also shown in Table 1 . The signifi cance of the interactions means that both the application technique and the PBZ concentration infl uenced in a different way to shoot growth patterns over time. The analysis of the fi xed parameters obtained from the mixed model analysis showed that effect on shoot growth of the increase on irrigation regime during summer drought conditions (parameter c) decreased exponentially as PBZ concentration increased (r 2 = 0.73 for the soil drench application, r 2 = 0.61 for the foliar spray application), and was not signifi cant for 25 3 ppm PBZ soil drench-treated seedlings.
The reduction in shoot height caused by PBZ was due to a reduction in both number and length of internodes (Table 2) . By day 254, PBZ reduced number and length of internodes by 33% and 48%, respectively, in soil drenchtreated seedlings, and by 24% and 34% in seedlings sprayed with PBZ, as compared to the control.
Root and shoot characteristics. All shoot and root parameters were signifi cantly affected by PBZ concentration, for the soil drench application. Differences between PBZ concentrations in the sequential sprays were only shown in shoot and stem dry weights (Table 3 ) and shoot to root ratio (P = 0.0092).
Root collar diameter, root volume, and root dry weight decreased signifi cantly with increasing soil drench PBZ concentration. As PBZ concentration increased, root collar diameter and number of leaves decreased linearly. Leaf area and shoot to root ratio was diminished with PBZ in a quadratic fashion, and the greatest reduction occurred with the highest concentration. Shoots of seedlings treated with the highest soil drench concentration assumed a rosette-like appearance.
Leaf dry weight decreased quadratically with increasing PBZ concentration applied as soil drench. Leaf dry weight was reduced by 52% at the highest rate of PBZ compared to the control. The trend response of stem and shoot dry weight was similar to that of leaves.
Increasing the concentration of PBZ applied as soil drench decreased root dry weight quadratically. The same was shown for root volume. Root dry weight and root volume were reduced by 67% and 60%, respectively, at the highest concentration of PBZ compared to the control.
Discussion
The time course of shoot height on Quercus suber depending on PBZ concentration and application technique was predicted by the proposed model (Eq. 1). The coeffi cients, relating the amount of growth regulator to shoot growth inhibition, varied among PBZ concentration and application technique. Even the effect of watering during the summer can be explained through the coeffi cient c. High PBZ concentrations cancelled the positive effect of irrigation in the soil drench, while it was only slightly attenuate in the foliar spraying. It is likely that at low PBZ concentrations the seedlings grow out of the effect of PBZ as they get larger.
The summer watering may have shortened the effect of PBZ by drainage of the retardant, but the effect persisted for the higher PBZ concentrations, mainly on the soil drench.
A common response of many seedlings to the application of PBZ is reduced shoot growth; however, the regulation of plant growth is affected by rate of application (Ruter and Martin, 1994) and application technique (Deneke and Keever, 1992) . Shoot height data indicated that PBZ concentration reduced both the number and length of internodes. Webster and Quinlan (1986) reported similar results with plum trees. On the contrary, Grossmann (1990) in a review of plant growth retardants and Hetherington and Jones (1990) in Eucalyptus globulus reported the reductions in shoot growth were solely because of a decrease in length of internodes, although according to Bausher and Yelenosky (1986) the effect on reduced internode length did not last long.
Increases in PBZ concentration depressed end-of-season height linearly, for both application techniques. Shoot elongation was almost completely inhibited by soil drench PBZ at 25 3 ppm after d34, fi nal shoot height was reduced by 84%, compared to the control, and root dry weight was also highly altered by 25 3 PBZ. However, PBZ had phytotoxic symptoms, with apparent foliar chlorosis (5Y 7/10, Münsel Table) , when applied at 25 3 ppm, soil drench. Erez (1986) also reported how high concentrations of PBZ can retard growth of peach seedlings in a too severe manner; even crinkled, small and distorted leaves can be produced, and dropped 3 months after application, as shown in Mussaenda cultivar (Protacio et al., 1997) . At the lower end of the range, foliar PBZ at 25 ppm were ineffective in altering shoot growth.
The seedlings were more responsive to soil drench PBZ application than to foliar spraying since the dose of PBZ in milligrams was higher in the soil drench for a PBZ concentration. Thus, the effi cacy of the chemical When PBZ concentration is not signifi cant, only mean for application technique is shown. NS,*,**;*** Nonsignifi cant or signifi cant at 90%, 95%, and 99%, respectively. Sequential sprays means are comprised of 15 observations, except control (n = 14). NS,*,**;*** Nonsignifi cant or signifi cant at 90%, 95%, and 99%, respectively. increased with the volume applied, as noted by Gent (1997) for triazole growth retardants applied to Rhododendron and Kalmia. The PBZ concentration that caused a 50% inhibition on fi nal shoot height was calculated to be between 25 and 25 2 ppm for soil drench and between 25 2 and 25 3 ppm for foliar spraying. Since the last spray had no effect on shoot growth, two sequential sprays were required to signifi cantly retard shoot growth, and even then the effi cacy of soil drench on fi nal shoot height was 1.3-to 3-fold that of foliar spray, being more effective at lower concentrations. It is likely that the effects of PBZ on height decreased as application time was delayed. Similar results were reported by Sansavini et al. (1986) in 2-year-old apple seedlings, and by Hetherington and Jones (1990) in Eucalyptus globulus Labill.: sequential sprays were needed to avoid a resumption of growth which cancelled the previous retardation before the end of the season. Thus, the effi cacy of the chemical increased with the soil drench application. It is likely that the more intensive response obtained with the soil drench was caused by increased wetting of solution onto the soil and by a more uniform distribution of PBZ activity (Million et al., 1999) . Because PBZ is translocated acropetally in the shoots, via xylem (Reed et al., 1989) , but also upwards in the roots, application to the soil (and thus, to the root zone) is likely to be more effi cient than spray application to the leaves (Gent, 1997) .
Although the primary effect of PBZ application was inhibition of stem growth, other growth parameters were also affected by PBZ, mainly when applied as soil drench. It appeared that root and stem dry weights were highly sensitive to alteration by PBZ. Since PBZ caused a general reduction in shoot biomass, it might be expected that a shift in resource allocation could bring about a general increase in root biomass (Early and Martin, 1988) . However, both shoot and root biomass were reduced, similarly to results reported in American elm by Watson (2001) and in silver, red and hybrid maple by . It is not clear if the reduction of root growth after the soil drench application is a consequence of the direct exposition of the roots to high concentrations of PBZ or a result of the large reduction in shoot and leaf growth. The leaf area response to PBZ was similar to results reported in apple seedlings (Swietlik and Miller, 1983) and in Juniperus and Pyracantha (Ruter, 1994) , among others. The response is not surprising, since gibberellins are essential hormones in leaf expansion (Liyembani and Taylor, 1989) .
The effects of PBZ on cork oak seedling growth presented here are consistent with those reported on a wide variety of species. PBZ seems effective to control excessive shoot growth during nursery culture. The data indicate a more effective response of the soil drench application with a lower PBZ concentration, in comparison to the foliar spray. However, the danger of irreversibility overdosing with a soil drench seems greater. Thus, it appears that a PBZ concentration between 25 and 25 2 ppm for soil drench or between 25 2 and 25 3 ppm for foliar spray will control over vegetative growth, without seriously affecting other growth parameters. However, to reduce application costs and improve effectiveness of PBZ, the soil drench seems more effective. Further work needs to focus on the amount of retardant that actually reaches the active sites in the plant and the persistence of PBZ along the time, mainly when seedlings are outplanted in the fi eld.
